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SUGAR -BASED POLYMERS 

This application is a Continuation -in -Part of 
Application Serial No, 706,929, filed May 28, 1991, 
which is a Continuation- in- Part of Application Serial 
No. 521,076, filed May 8, 1990. 

BACKGROUND OF THE INVENTION 

The present invention is directed to novel 
sugar- based polymers and novel methods of making these 
sugar-based polymers. In copending application Serial 
No. 521,076, incorporated herein by reference. 
Applicants disclose a method of manufacturing sugar- 
based polymers using biological catalysts (enzymes) . 
Enzymes are very regioselective, thereby allowing the 
synthesis of acylated sugars useful in the synthesis of 
sugar-based polymers of the present Invention. 
Applicants' copending application discloses, 
inter alia , methods of regioselectively diacylating 
sugar molecules with an organic acid derivative having 
at least two carboxyl functionalities. These 
diacylated sugars are then polymerized to form a 
polymer having repeating sugar units in the polymer 
backbone . 

Applicants have discovered that sugar -based 
polymers can be manufactured by first using enzymatic 
synthesis in the regioselective step of manufacturing 
the diacylated sugar intermediates useful in the 
manufacture of sugar-based polymers. Subsequently, 
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chemical methods can be used to polymerize the diacyl- 
ated sugar intermediates • The use of both enzymatic 
and chemical synthesis is knovm as chemoenzymatic 
synthesis. The use of chemoenzymatic methods of making 
sugar -based polymers permits one to take advantage of 
the regioselectively associated with enzymatic 
synthesis while simultaneously taking advantage of the 
speed associated with chemical synthesis. 

SUMMA1?Y OF TtfP! INVENTTON 

The present invention is directed to novel 
methods of making sugar-based polymers, as well as 
novel sugar-based polymers. 

In one aspect of the present invention, a 
method of preparing a sugar-based polymer hydrogel is 
provided. An amount of concentrated acylated sugar is 
provided having the structure: 

O 
II 

S - O - C - CHR = CH2 

wherein S is selected from the group consisting of 
sucrose acylated at the 1'- position, raffinose at the 
1" -position, fructose at the 1-position, trehalose at 
the 6-p.osition, or-and £-phenyl- or alky Iglucos ides at 
the 6 -position, of- and fi-haloglucosides at the 6- 
position, a- and fi-phenyl or alkylgalactosides at the 
6-position, or- and S-halogalactosides at the 6- 
position. Of- and fi-phenyl- or alkymajinosides at the 6- 
position. Of- and fi-halomannosides at the 6 -position, 
and mixtures thereof; R is selected from the group 
consisting of hydrogen, straight chain alkanes having 
from about 1-10 carbon atoms, and mixtures thereof. 
The concentrated acylated sugar is heated to greater 
than about GOOQ to plermit the acylatd sugar to 
aut ©polymerize and form a hydrogel. 

In another aspect of this invention, an 
amount of free- radical polymerization initiator and an 
amount of cross -linking agent are mixing with the 
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acylated sugar. The acylated sugar is then permitted 
to polymerize to form a hydrogel. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The present invention is directed to novel 
polymers which incorporate an abundant, relatively 
inexpensive and recyclable resource/ sugar. The 
present invention is also directed to novel methods of 
making these polymers. It is contemplated that the 
sugar-based polymers of the present invention will find 
significant use in diaper liners as i^ell as in other 
absorbent materials, packaging materials, drug delivery 
polymers, and in a variety of other commercial 
applications • 

The sugar-based polymers of the present in- 
vention are majiufactured pursuant to a combination of 
enzymatic and chemical synthesis (i.e. chemoenzymatic 
synthesis) . In particular, hydrolytic enzymes are used 
to regioselectively acylate sugar molecules with 
organic acid derivatives. The acylated sugar 
intermediates are then polymerized via chemical 
methods . 

The present invention contemplates the 
utilization of mono-, di-, tri- and oligosaccharides. 
Preferred sugars are glucose, mannose, fructose 
(monosaccharides) ; sucrose, lactose, maltose, trehalose 
(disaccharides) ; and raffinose (a trisaccharide) . More 
preferred sugars for use in the present invention 
include sucrose, fructose, raffinose, lactose, maltose 
and trehalose. Even more preferred sugars, however, 
are fructose, sucrose and raffinose. The most 
preferred sugar is sucrose. 

COPOLYMERIZATION OF A COREACTANT WITH SUGAR 
DIACYIiATED WITH ORGANIC ACID DERIVATIVES 
HAVING TWO CARBOXYL FUNCTIONALITIES 

In a preferred embodiment of the present 
invention, diacylated sugar intermediates are made by 
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mixing sugar and organic acid derivatives having at 
least two carboxyl functionalities. The sugar is 
regioselectively diacylated with the organic acid 
derivatives pursuant to the use of hydrolytic enzymes. 
Any organic acid derivative having at least two 
carboxyl functionalities is contemplated for use in the 
present invention. PrefercJ^ly^ the organic acid 
derivative will comprise a diacid of the general 
formula : 

O O 

II II 

Ri— 0 — C — Rj— C — O — R3 

wherein R, and R3 are selected from the group consisting 
of leaving groups and Rj is any moiety which will not 
interfere with the acylation of the sugar auxd/or subse- 
quent polymerization of the resulting acylated sugars. 
For exaii5>le, R2 could be selected from the group con- 
sisting of alkanes, branched alkanes, alkenes, substi- 
tuted alkenes, aromatic moieties, substituted aliphatic 
moieties, substituted aromatic moieties and mixtures 
thereof. Again, the only critical limitation with 
respect to Rj is that it not contain a reacting func- 
tionality (as, for example, a hydroxyl, an amine 
and/or a carboxyl group) which would substantially 
interfere with the acylation, and/or subsequent 
polymerization, of the sugar. 

As previously stated, Rj and R3 are leaving 
groups. By leaving group, it is meant that Rj and R3 
may be any group that is replaced by sugar in the 
presence of a hydrolytic enzyme. Preferably, R, and R3 
are leaving groups that are poorer nucleophiles than 
the sugar. This is preferred because, as presently 
understood, the sugar molecules replace Rj and R3 on the 
organic acid derivatives by an enzyme -organic acid 
derivative intermediate via a nucleophilic mechanism. 
Where R, and R3 are poorer nucleophiles than the sugar. 
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there will be little competition between these groups 
and the sugar molecules, thus resulting in a greater 
yield of diacylated sugar intermediates than if R, and 
R3 were good nucleophiles relative to sugar. 
5 Preferably, R, and R3 are activated leaving groups 

selected from the group consisting of mono-, di-, and 
trifluoro ethanols; mono-, di- , and trichloroethanols ; 
halogens; and enol esters. Most preferred organic acid 
derivatives contemplated for use in the present 
10 invention are bis (2,2, 2-trifluoroethyl) adipate, vinyl 

adipate and isopropenyl adipate. 

It should be noted that the properties 
desired of the final sugar-based polymer may be con- 
sidered when selecting organic acid derivatives. For 
15 exanqple, the Ra group of the afore -described organic 

acid derivative will ultimately be incorporated into 
the backbone of the sugar- based polymer. Thus, the 
properties of the sugar-based polymer will be effected 
by the nature of this Rj group. Longer Rj groups will 
20 result in a polymer having longer hydrocarbon links. 

Such a polymer will have increased flexibility and 
increased hydrophobicity . Accordingly, where 
hydrophobicity and/or flexibility is desired, R2 will be 
selected from the group consisting of alkanes, alkenes 
25 and substituted alkenes having about ten or more 

carbons. Conversely, shorter hydrocarbon links will 
likely increase the hydrophilicity and rigidity of the 
resulting sugar-based polymer. Thus, where 
hydrophilicity and/or rigidity is desired, Rj will be 
30 selected from the group consisting of alkanes, alkenes, 

substituted alkenes, aromatic moieties and substituted 
aromatic moieties having less than about 10 carbons. 

Alternately, if an ionic sugar-based polymer 
is desired, Rj can be, for example, selected from the 
group consisting of free acids or salts (particularly 
sodium or potassium salts) containing SO3" , NOj" and 
PO/\ The incorporation of such charged Rj groups into 
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the sugar-based polymers may render these polymers 
useful as flocculents for use in, for example, water 
treatment applications. 

In some cases, a highly crystalline sugar- 
based polymer may be desired as, for example, where the 
polymer is contemplated for use as a thermoplastic 
material. Crystailinity can be enhanced by regularity 
in the polymer backbone and by increasing the polarity 
of the polymer. This can be achieved by using organic 
acids having identical polar Rj groups. However, for 
other uses (e.g., clear plastic packaging films) a non- 
crystalline polymer is preferred. To decrease the 
crystailinity of the sugar-based polymer two approaches 
can be used. First, to disrupt the regularity of the 
polymer (smd, thus, decrease crystailinity) organic 
acid derivatives having two different linkage lengths 
(i.e. different groups) may be exiqployed in a single 
synthesis of the sugar-based polymer. This should 
result in a random copolymer (i.e., the two lengths 
should be randomly distributed in the polymer chain, 
thereby decreasing regularity) . The second approach is 
to decrease the polarity of the sugar-based polymer by 
using longer, more hydrophobic Rj groups in the organic 
acid derivative. As the polarity decreases, the 
crystailinity may decrease. 

As can be discerned from the preceding 
discussion, by varying the character of the Rj group in 
the organic acid derivatives, the properties of the 
resulting sugar-based polymer may be controlled. The 
only practical limitations on the nature of the Rj 
group are that it should be' soluble in the substan- 
tially non-aqueous organic solvent and not substan- 
tially interfere with the acylation of the sugar and 
subseqiient polymerization of the acylated sugars . 

The sugar molecules must be acylated in at 
least two locations in order to synthesize the sugar - 
based polymers of the present invention. Most 
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preferably, the sugar molecules will be acylated at 
only two locations (i.e. diacylated) . If, however, 
certain properties were desired (i.e. greater cross - 
linking, hydrophobicity , less aJbsorbency) the sugar 
5 molecules may be acylated at more than two hydroxyl 

positions. In any events the amount of organic diacid 
derivative to sugar should, be at least a 1;1 molar 
ratio. Where a tri-, tetra-, or higher acid derivative 
is used as the acyl donor, the ratio of the organic 

10 acid derivative to sucrose should be adjusted according 

to the aforesaid ratio (i.e. a tetra acid derivative 
should be present in a 2:1 molar ratio to sugar) . 
Preferably, the organic acid derivative is present in 
excess when mixed with the sugar. 

15 The sugar is diacylated with the organic acid 

derivative via the use of hydrolytic enzymes. Hydro - 
lytic enzymes are highly selective biological catalysts 
that typically operate \inder mild reaction conditions 
(e.g., ambient temperatures and pressures, neutral 

20 solutions, etc. ) • Hydrolytic enzymes include lipases, 

esterases, proteases, and carbohydrases . In an aqueous 
environment, hydrolytic enzymes are capable of 
catalyzing both hydrolysis and ester formation 
according to the following reversible ecpiation: 



25 



R - COOR' + H,0 ^ R - COOH + R' - OH 



In aqueous systems, the large concentration of water 
(ca. 55 M) results in a low equilibrium yield of ester. 

30 Thus, although lipases and esterases have been employed 

to synthesize sugar esters of fatty acids in aofueous 
solutions, low yields of the sugar esters are achieved 
due to the hydrolysis of the product in the aqueous 
solution. However, the use of enzymes in siabstantially 

35 non- aqueous organic solvents dramatically increases the 

yield of acylated sugar (i.e. the ester product in the 
cJDOve equation) . Therefore, to increase the yield of 
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acylated sugar, and ultimately the yield of final 
polymer product, it is preferred that the sugars are 
acylated in a substantially non- aqueous organic 
solvent. Unfortunately, however, sugars are soluble in 
only a few s\ibstantially non*agueous organic solvents. 
Additionally, most hydrolytic enzymes lose their activ- 
ity in the few substantially non-aqueous organic 
solvents capable of solubilizing sugars. 

According to the present invention, substan- 
tially non-aqueous organic solvents are screened for 
their ability to solubilize sugar and organic acid 
derivatives, as well as for their effect on the 
catalytic activity of various hydrolytic enzymes. Once 
having determined the compatibility of various sugars, 
hydrolytic enzymes and substantially non-aqueous 
organic solvents, the diacylated sugar intermediates 
may be made. 

Hydrolytic enzymes initiate the 
regioselective diacylation of the sugar molecules with 
organic acid derivatives having two carboxyl 
functionalities. Several hydrolytic enzymes have been 
found to retain their catalytic activity in either 
pyridine or dimethylf ormamide. Applicants have 
ascertained that the following hydrolytic enzymes are 
catalytically active in pyridine: Aminoacylase ; 
Lipozyme, available from NOVO CHEMICAL; Fungal Amylase, 
available under the trade name "HT" from MILES KALI- 
CHEMIE; Bacterial protease, available under the trade 
name "Bioenzyme" from GIST -BROCADES; Amylase from 
Bacill us subtilis available under the trade name 
"Rapidase" from GIST- BROCADES; Allcaline protease, 
available under the trade name "Proleather" from AMANO; 
Bacillus protease available \inder the trade name 
"Protease N" from AMANO; Lipase from Candida 
cvlindracea. available from SIGMA; Lipase from porcine 
pancreas, available from SIGMA; and Lipase from 
Penicillium Sp, , available under the trade name "Lipase 



G" from AMANO. Additionally, Applicants have 
determined that subtilisin is catalytically active in 
dimethylf ormamide- Both highly purified or crude 
subtilisin are catalytically active; however, the sub- 
stantially less expensive crude subtilisin is pre- 
ferred. Although specific to the substantially non- 
aqueous organic solvent, it should be noted that, as 
presently understood, the hydrolytic enzymes are non- 
specific to the organic acid derivative. 

The diacylation of the sugar molecules is 
conducted in a substantially non- aqueous organic 
solvent capable of solubilizing both the sugar and the 
organic acid derivative (at least about 10 xnmol of 
sugar/1 liter of solvent, euid preferedDly greater than 
about 100 mmol sugar/1 liter of solvent) . If the 
solxibility of the sugar and organic acid derivative is 
substantially less thaji about 10 mmol/1 liter solvent, 
the manufacture of the polymers of the present 
invention may not be economically desirable. Sugars 
are reasonably soluble in only a few, very hydrophilic, 
substantially non- aqueous organic solvents such as 
pyridine, dimethylf ormamide morpholine, N- 
methylpyrolidone and dime thylsulf oxide. Care should be 
taken, however, in selecting an appropriate organic 
solvent in that the organic solvent should be screened 
to assure that it does not significantly detract from 
the catalytic activity of the hydrolytic enzyme. 
Additionally, the substantially non-aqueous organic 
solvent should not hydrolyze the diacylated sugar 
intermediates (i.e. the products of the diacylation of 
the sugar molecules with the organic acid derivative) . 
Of the previously mentioned organic solvents, pyridine 
and dimethylf ormamide are the preferred substantially 
non-acjueous organic solvents for use in the acylation 
of sugar molecules . The most preferred organic 
solvent, however, is pyridine. Pyridine is most 
preferred because it solubilizes a broader range of 



wo 94/14823 



PCT/US93/12556 



- 10 - 

sugars than other solvents tested to date, without 
substantially detracting from the activity of various 
hydrolytic enzymes. 

Where pyridine is used, the presently 
preferred enzymes for the diacylation of the sugar 
molecules are alkaline protease. Bacterial protease. 
Bacillus protease, and aminoa^ylease . At present, the 
most preferred hydrolytic enzyme in pyridine is activ- 
ated alkaline protease. The alkaline protease is 
activated by dissolving the enzyme in about 20 mmol per 
liter soditim borate buffer at a pH of about 9.5, and 
dialyzing the resulting mixture against added buffer. 
Thereafter, the dialyzed protein is freeze dried. 
However, where dimethyl formamide is the organic solvent 
selected, the presently preferred enzyme is sxibtilisin. 

The amoxint of hydrolytic enzyme provided to 
catalyze the regioselective diacylation of the sugar 
molecules is not critical, provided there is sufficient 
enzyme to initiate the diacylation of the sugars (about 
10 mg/ml) . By varying the amount of enzyme employed, 
however, the speed of the acylation can be affected. 
In general, increasing the cimount of hydrolytic enzyme 
increases the speed at which the sugar is acylated. 

The sugar is diacylated by mixing the sugar, 
organic acid derivative and hydrolytic enzyme in the 
substantially non- aqueous organic solvent. The amount 
of hydrolytic enzyme should be sufficient to catalyze 
the regioselective acylation of the sugar molecules 
with the organic acid derivative. The amount of the 
organic acid derivative amd sugar in the aforesaid 
mixture should be at least about 1:1 molar ratio. 
Preferably, however, the organic acid derivative will 
be mixed in excess. The aforesaid ingredients may be 
mixed in a substantially non- aqueous solvent as 
previously described according to any method known by 
those skilled in the art. 
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Preferably, however, the aforesaid mixture is 
agitated at about 100-300 rpms in an orbital shaker at 
a temperature of from about 10 ®C to about 60**C for a 
period of time sufficient to permit the diacylation of 
5 the sugar molecules • A suitcible time period, for 

eacample, is about 12-4 8 hours. The longer the mixture 
is agitated, however, the higher the yield of diacyl- 
ated sugar. The temperatures should not substantially 
exceed 60 because the hydrolytic enzyme may lose its 

10 activity. Any method of agitation known by those 

skilled in the art is contemplated by the present 
invention, as for example, magnetic stirring or over- 
head mechanical stirring. Once the sugar molecules 
have been diacylated, they are separated from the 

15 mixture. Any method of separation known by those 

skilled in the art is suitcdDle, as, for exanple, silica 
ge 1 chr c^ncia t ography . 

. Where the sugar is diacylated with an organic 
diacid derivative, the resulting sugar intermediate 

20 will have the general formula: 



25 



30 



35 



40 



O - C - 



O 
II 

c - o 



s - 



o 

II 

O - C - 



For purposes of clarity, the organic acid derivative's 
contribution to the above structure is bracketed. With 
reference to the cdDOve formula, S conqprises sugar, and 
R and R' are R, or R3 from the organic acid deriva- 
tives. In particular, R and R' are Rj or Rjon the end 
opposite the portion of the organic acid derivative 
that is replaced by the sugar molecule. Finally, Rj 
and R2' are, of course, from the Rj portion of the 
organic acid derivatives. Clearly, R, R' , R2 and Rj' 
are as previously discussed with respect to the organic 



O - R^ 
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acid derivative. Thus, R' and R are leaving groups 
that are preferably poorer nucleophiles than sugar, 
Preferaibly, R and R' are selected from the group 
consisting of mono-, di- and trif luoroethanols; mono-, 
di- and trichloroethanols; halogens; enol esters and 
mixtures thereof. Rj and R2' are selected from the 
group consisting of allcanes, branched aDcanes, alkenes, 
substituted alkenes, aromatic moieties, substituted 
aliphatic moieties, substituted aromatic moieties and 
mixtures thereof. 

With regard to the aforesaid structure, the 
sugars are diacylated at primary hydroxyl positions . 
For example, sucrose is acylated at the 6- and 1'- 
positions, fructose at the 1- and 6- positions, 
raffinose at the 6- and 1"- positions, lactose at the 
6- and 6'- positions, maltose at the 6- and 6'- 
positions, auid trehalose at the €- and positions. 

The diacylated sugars are useful 
intermediates in the manufacture of sugar -based 
polymers. Particularly, these diacylated sugar 
intermediates may be copolymer i zed with various 
coreactants thereby yielding a sugar -based polymer. 
The copolymerization should be conducted in a solvent 
in which the diacylated sugars and coreactant are 
soluble. Furthermore, the solvent should not sub- 
stantially impair the coreactant 's ability to take part 
in the copolymerization nor should it deacylate the 
diacylated sugar intermediates to a sxibstantial extent. 
SuitcOjle solvents include any polar solvent with a 
dielectric constant greater than about 10 as, for 
examp 1 e , dimethyl f ormamide , N - me t hy Ipy r olidone , 
dimethyl sulfoxide and dimethyl acetamide. 

As used herein, a coreactant is any conpound 
that will take part in a copolymerization with the 
diacylated sugar intermediates. With reference to the 
afore -indicated structure of the diacylated sugar 
intermediate, the coreactant will react with the R' and 
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R groups of the diacylated sugar intermediate. Thus, 
by utilizing a coreactant with two functionalities per 
molecule that are capable of reacting with the R and R' 
groups of the diacylated sugars, the diacylated sugars 
can be copolymerized having coreactant linkages. 

Suitable coreactants include but are not 
necessarily limited to diamines, dithiols, diacids and 
mixtures thereof. Preferably, the coreactant will be a 
compound having the general formula 

X — R — X 

wherein X is selected from the group consisting of 
-NHj, -SH, -COOH and mixtures thereof; and R is 
selected from the group consisting of alkanes, branched 
alkanes, alkenes, substituted alkenes, aromatic 
moieties, substituted aliphatic moieties, sxibstituted 
aromatic moieties and mixtures thereof. 

As with the Rj and R2' groups of the organic 
acid derivatives, the R group of the coreactant will be 
incorporated into the final polymer product (it will 
link the diacylated sugars) . Accordingly, the selec- 
tion of the R group of the coreactant may be based on 
the properties desired of the final sugar-based polymer 
product. The factors previously discussed with respect 
to the nature of the R2 group of the organic acid 
derivative apply as well to the R group of the 
coreactant . 

More preferably, the coreactauat is selected 
from the group consisting of aliphatic diamines and 
aromatic diamines. Most preferably, the coreactant 
will be selected from the group consisting of aliphatic 
diamines having 2-6 carbon atoms. The preference for 
these diamines is based on their commercial 
availability and relatively low cost. 

The copolymerization of the diacylated sugars 
and coreactant is carried out by mixing the diacylated 
sugars, coreactant and a. solvent as previously 
discussed and agitating this mixture for a period of 
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time sufficient to permit the copolymerization of the 
diacylated sugars with the coreactant (about 24 hours) . 
The diacylated sugar intermediate and coreactant are 
mixed in at least a 1:1 molar ratio. Preferably, the 
aforesaid mixture will be mixed at 250 rpms at 25**C in 
an orbital shaker. Of course, any method of mixing and 
agitation known in the art are contemplated for use in 
the present embodiment. The resulting sugar based 
polymer is recovered by evaporating off the solvent by 
any suitable method known by those skilled in the art. 
The final sugar-based polymer product tnay then be 
washed with, for example, acetone and dried under 
vacuum. 

The aforesaid method yields a sugar-based 
polymer having the general formula: 



20 



25 



30 



35 



O O 

II II 

C - - C 



S - O 



O 
II 

c 



O 

II 

C -A 



— Jn 

wherein S comprises sugar, and R' 2 are selected from 
the group consisting of alkanes, branched alkanes, 
alkenes, substituted alkenes, aromatic moieties, sub- 
stituted aliphatic moieties, substituted aromatic 
moieties ajid mixtures thereof; A is the coreactant; a^id 
n is a number greater than 1. 'With reference to the 
above formula, the sugars are linked at two primary 
hydroxyl positions. For exanqple, sucrose is linked at 
the 6- and l'- positions, fructose at the 1- and 6- 
positions, raffinose at the 6- and 1"- positions, 
lactose at the 6- and 6'- positions, maltose at the 6- 
and 6'- positions, and trehalose at the 6- and ex- 
positions . 
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COPOLYMERIZATION OF A COREACTANT WITH SUGAR 
DIACYIiATED WITH ORQANTP MONQ-ArTQ DERIVATIVRfi 

In another preferred embodiment of the 
present invention, the sugar may be diacylated as 
previously discussed with organic mono-acid derivatives 
that have been specifically tailored to react with the 
coreactant. The organic acid derivatives will have at 
least one reactive functionality. By reactive 
functionality it is meant that the organic acid 
derivative -has a functionality capable of reacting with 
a functionality on the coreactant. Thus, the acylated 
sugars will be capable of reacting with the coreactant. 
The coreactant will have at least two functionalities 
capable of reacting with the acylated sugars. The 
acylated sugars and coreactant are then copolymerized 
by mixing the acylated sugar and coreactant whereby a 
functionality on the coreactant reacts with an acylated 
sugar and at least one other functionality on the 
coreactant reacts with another acylated sugar. The 
resulting polymer will coirprise of acylated sugars 
linked via the coreactant. 

The resulting sugar based polymer will have 
the general formula 



O 
II 

s - o - c 



wherein S comprises sugar; A is selected from the group 
consisting of coreactants having at least two 
functionalities wherein a functionality on the 
coreactant has reacted with an acylated sugar and at 
least one other functionality on the coreactant has 
reacted with another acylated sugar; and n is a nxomber 
greater than i. 



_94148e3AtJ_> 



wo 94/14823 



PCT/US93/12556 



- 16 - 

According to this eitibodiment , a sugar is 
diacylated as previously discussed with an organic acid 
derivative having the general formula: 

5 O 

II 

R . C - O - R, 

wherein R, is a leaving group as previously discussed 
10 and R is specifically selected such that it contains a 

functionality that will react with the coreactajit. The 
resulting diacylated sugar will have the general 
formula: 

15 0 9 

II II 
R-C-O-S-O-C-R' 

wherein S comprises sugar, and R and R' are selected 

20 such that they contain a functionality that will react 

with functionalities on the coreactant to yield a 
copolymer of acylated sugar moieties linked via the 
coreactants . 

With reference to the a±>ove structure, 

25 sucrose is acylated at the 6- ajid 1'- positions, 

fructose at the 1- and 6- positions, raffinose at the 
6- and 1"- positions, lactose at the 6- and 6' - 
positions, maltose at the 6- and 6'- positions, euid 
trehalose at the 6- and 6' positions. 

30 For exait?5le, R and R' can be selected from 

the group consisting of terminally doxible bonded 
compounds having the general formula: -RC = CH2, 
wherein R is selected from the group consisting of 
hydrogen, alkanes, alkenes, branched alkenes, siab- 

35 stituted alkenes, aromatic moieties, sxibstituted 

aromatic moieties and mixtures thereof. 

Where R' and R are compounds having terminal 
double bonds, the diacylated sugar may be copolymerized 
with a coreactant selected from the group consisting of 
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di thiols, diamines, diiodides, diacids and mixtures 
thereof - 

The resulting sugar-based polymer will have 
the general formula: 



10 



15 



O O 

li II 
C-O-S-O-C - RCH,- A I 



X 



wherein S comprises sugar; R is selected from the group 
consisting of hydrogen, alkanes, alkenes, branched 
alkanes, substituted alkenes, aromatic moieties, 
substituted aliphatic moieties, substituted aromatic 

20 moieties and mixtures thereof; A is a coreactant 

selected from the group consisting of di thiols, 
diamines, diiodides, diacids and mixtures thereof; and 
n is a number greater than 1. 

With reference to the above structure, 

25 sucrose is acylated at the 6- and 1'- positions, 

fructose at the 1- and 6- positions, raffinose at the 
6- and 1" positions, lactose at the 6- and 6'- 
positions, maltose at the 6- and 6'- positions, 
trehalose at the 6- and 6'- positions and mixtures 

30 thereof. 

Alternatively, a diacylated sugar is provided 
having the previously indicated formula wherein R and 
R' are selected from the group consisting of alkyl 
halides having the general formula -RCHX, wherein X is 

35 a halide and preferably selected from the group 

consisting of chloride and bromide, and R is selected 
from the group consisting of hydrogen, alkanes, 
alkenes, branched alkanes, substituted alkenes, 
aromatic moieties, substituted aliphatic moieties, 

40 substituted aromatic moieties and mixtures thereof; 

Preferably R is a methyl. These diacylated sugars may 
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be copolymerized with a coreactant selected from the 
group consisting of diols. The resulting sugar-based 
polymer will have the general formula: 



O 0 

II II 
C-O-S-0- C-RCH-A 



10 



wherein S comprises sugar, R is selected from the group 
consisting of hydrogen, alkanes, alkenes, branched 
alkanes, substituted aliphatic moieties, substituted 
15 alkenes, aromatic moieties, substituted aromatic 

moieties and mixtures thereof; A comprises a diol; and 
n is a number greater than !• 

POLYMERT2TNG ALKYIATED SUGARS WITH ORGANIC ACID DERIVATIVES 
20 In another preferred embodiment of the 

present invention, a method of polymerizing alkylated 
sugars is provided. Two primary hydroxyl positions are 
first blocked by diacylating the sugar with any 
compound having an ester group (hereinafter referred to 
25 as a blocking compound) capable of undergoing a trans- 

esterif ication reaction with a primary hydroxyl group 
on the sugar molecule. The blocking compounds are 
identified as such because the blocking compounds 
acylate the sugar at two primary hydroxyl sites thereby 
30 blocking these two sites from the subsequent alkylation 

of the other (imblocked) hydroxyl groups. Suitable 
blocking compounds have the general formula: 

O 
II 

35 R . C - O - R' 

wherein R is selected from the group consisting of 
alkanes, alkenes, branched alkanes, substituted 
alkenes, aromatic moieties, substituted aromatic 
moieties, siibstituted aliphatic moieties and mixtures 
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thereof; and R' is selected from the group consisting 
of leaving groups. 

It is presently believed that the sugar 
molecules are acylated with the blocking conpound at 
two primary hydroxyl positions pursuant to the 
nucleophilic mechanism previously discussed with 
respect to the diacylation of sugar with the organic 
acid derivatives. Accordingly, R' is preferably a 
poorer nucleophile than sugar. Most preferably, R' is 
selected from the group consisting of mono-, di-, and 
t^rifluoro ethanols; mono-, di- and trichloroethanols; 
halogens and enol esters. 

A most preferred blocking compound is vinyl 

acetate . 

The sugar is dlacylated with the blocking - 
compounds in a manner similar to the previously 
discussed diacylation of sugar with the organic acid 
derivatives. In particular, the sugar is acylated at 
two primary hydroxyl positions in a substantially non- 
aqueous organic solvent capable of solxibilizing both . 
the sugar and blocking compounds as, for example, 
pyridine, dimethylf ormamide, morpholine, N- 
methylpyrolidone and dimethylsulf oxide. A hydrolytic 
enzyme is used to catalyze the diacylation of the sugar 
molecules with the blocking agent. , Preferably, the 
diacylation will be carried out in pyridine in the 
presence of a hydrolytic enzyme selected from the group 
consisting of activated alkaline protease. Bacterial 
protease, Bacillus protease, aminoacylease and lipase 
P-30 from Amano. More preferably, the diacylation of 
sugar with the blocking compounds will be performed in 
pyridine in the presence of activated alkaline 
protease. Alternately, the diacylation of the sugar 
with blocking compounds can be performed in 
dimethylf ormamide in the presence of subtil isin. 

The sugar is diacylated by mixing at least a 
2:1 molar ratio of blocking compounds to sugar. 
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Preferal)ly, an excess of blocking coitpound will be 
mixed with the sugar. The resulting mixture is 
preferably agitated at cdDout 250 rpms at 40 °C in 
pyridine for a time sufficient to permit the di- 
acylation of the sugar (preferably about 24 hours) . 

Once the sugar has been diacylated (i.e., 
acylated at two primary hydroxyl positions) with the 
blocking compounds, it is mixed with an excess of an 
alkylating agent in the presence of a catalyst. Any 
and all alkylating agents and catalysts known by those 
skilled in the art for alkylating the open hydroxyl 
positions are contemplated for use in the present in- 
vention. The alkylating agent must be capable of 
alkylating the free hydroxyl position, without 
deacylating the blocking coii:5)ounds. 

Suitable alkylating agents include, but are 
not necessarily limited to the alkyl halides ajad 
diazolalkanes • Preferred alkylating agents are the 
alkyl halides having less than about 5 carbons. The 
most preferred alkylating agent is methyl iodide. 

Catalyst contemplated for use in alkylating 
the diacylated sugars include, but are not necessarily 
limited to non-nucleophilic bases such as trialkyl- 
amines, dialkyl amino pyridines, dimethylaminopyridine 
and silver oxide. The preferred catalyst is dimethyl- 
aminopyridine . 

The diacylated sugar is preferably alkylated 
by mixing the sugar, alkylating agent auad catalyst in 
pyridine - 

After alkylating the hydroxyl sites on the 
sugar, the alkylated sugar is deacylated by mixing the 
sugar with an excess of base (preferably aqueous sodium 
hydroxide having 20-30% water) at about 250 rpms emd 
room ten^erature (2S^C) for about 24 houirs to deblock 
the two primary hydroxyl positions* Alternately, the 
alkylated sugar may be deacylated by mixing (aibout 250 
rpms) the sugar with an excess of sodium methoxide in 
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methanol for about one hour at ambient temperature 
(about 25«>C) • 

After deacylation, the resulting sugar has 
two open primary hydroxyl positions, the remaining 
hydroxyl positions having been alkylated. This 
alkylated sugar is then mixed with an organic acid 
derivative in the presence of a chemical catalyst in a 
substantially non-aqueous organic solvent. The solvent 
is selected such that the organic acid derivative and 
alkylated sugar are soluble and catalyst active. 

The organic acid derivative can be selected 
as previously discussed. In general, the organic acid 
derivative will have the general formula: 

O O 

il il 

R, - O- C-R2-C-O-R3 

wherein R, and R3 are leaving groups as previously 
discussed, and Rj is any moiety which, as previously 
discussed, will not interfere with the acylation and 
subsequent polymerization of the sugar. As it will 
ultimately be incorporated in the sugar-based polymer, 
Rj may be selected as previously discussed depending on 
the properties desired of the final sugar -based 
polymer. Similarly, Rj and R3 are selected as pre- 
viously discussed. In this particular embodiment, 
however, the preferred organic acid derivatives are the 
adipoyl halides. More preferred are the succicnyl 
halides, the malonyl halides, sebacoyl halides and the 
adipoyl halides. Even more preferred are adipoyl 
chloride, succicnyl chloride, malonyl chloride and 
sebacoyl chloride. Adipoyl chloride is the most 
preferred organic acid derivative. 

The alkylated sugar and organic acid deriva- 
tive must be mixed in a 1:1 molar ratio. The alkylated 
sugar, organic acid derivative, catalyst and solvent 
are mixed (250 rpm) at ambient temperature (25**C) for a 
time sufficient to permit the sugar and organic acid 
derivative to polymerize (about 1 hour) , Thereafter, 
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the sugar-based polymer may optionally be dealkylated 
according to any method knovm by those skilled in the 
art. 

The resulting sugar -based polymer has the 
general formula: 



C'O C 
II 

S-0-C-R2-C 



15 wherein S comprises sugar; is selected from the 

group consisting of alkanes, branched alkanes, alkenes, 
substitut:ed alkenes, aromatic moieties, siibstituted 
aliphatic moieties, substituted aromatic moieties and 
mixtures thereof; and n is a nxamber greater than !• 

20 With reference to the above structure, the sugars are 

linked at two primary hydroxyl positions. For example, 
sucrose is linked at the 6- and 1 ' -positions , fructose 
at the 1- and 6-positions, raffinose at the 6- and Im- 
positions, lactose at the 6- and 6 ' -positions, maltose 

25 at the 6- and 6' -positions, and trehalose at the 6- and 

6' -positions . 

POLYMERIZING ALKYIATED SUGARS AND A DIISOCYANATE 

In yet another preferred embodiment of the 
30 present invention, a dlisocyanate can be used in place 

of the acyl halide. Specifically, an alkylated sugar 
having two open primary hydroxyl groups is provided as 
previously discussed. The alkylated sugar is mixed 
with a diisocyanate of the general formula: 



C = N- R- N=:C = 0 



wherein R is selected from the group consisting of 
alkanes, alkenes, branched alkanes, substituted 
40 alkenes, aromatic moieties, substituted aliphatic 
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moieties, substituted aromatic moieties and mixtures 
thereof. Because R will be incorporated into the final 
polymer product, it can be selected with the desired 
properties of the polymer in mind. Accordingly, R may 
5 be selected in the manner previously discussed with 

regard to the Rj group of the organic acid derivative. 
A preferred diisocyanate is 1, 6-hexamethylene 
diisocyanate . 

The alkylated sugar and diisocyanate are 

10 mixed in a 1:1 molar ratio in dimethyl formamide in the 

presence of a trialkyl amine catalyst (preferably 
triethylamine) for a time sufficient to permit the 
polymerization of the alkylated sugar and the 
diisocyanate (about 24 hours) . 

15 The resulting sugar-based polymer will have 

the general formula: 



20 



o o 

il il 

C-NH-R-NH-C 



wherein S comprises sugar; R is selected from the group 
consisting of alkanes, alkenes, branched alkanes, 

25 substituted alkenes, aromatic moieties, sxibstituted 

aliphatic moieties, substituted aromatic moieties and 
mixtures thereof, and n is a number greater than one. 

With reference to the above structure, 
sucrose is linked at the €- and 1'- positions, fructose 

30 at the 1- and 6- positions, raffinose at the 6- and Im- 

positions, lactose at the 6- and 6'- positions, maltose 
at 6- and 6'- positions and trehalose at the 6- and 6'- 
positions . 

35 PREPARATION OF POLY (SUGAR ACRYIiATES) 

In yet another preferred embodiment of the 
present invention, a method of manufacturing a sugar- 
based polymer is provided. Mono-, di-, t:ri- and 
oligosaccharides that are non- reducing sugars are 
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contemplated for use in the present embodiment. Any 
reducing monosaccharide, however, can be converted to a 
non- reducing sugar by either alkylating or halogenating 
the 1 -position. Preferably, the sugar is selected from 
5 the group consisting of or- and /S- alkylglucosides, a- 

and /S- haloglucosides, of- and iS- alkylgalactosides, oe- 
and /8- halogalactosides, a- and /S- alkylmannosides , a- 
and iS- halomannosides, sucrose, fructose, mannose, 
trehalose and raffinose. Preferred sugars are a- and 

10 /3- methylglucoside, a- and /8- methyl galactoside, or- 

and jS- methylmannoside, sucrose, fructose, mannose, 
trehalose and raffinose* More preferred sugars are 
sucrose, fructose and raffinose. The most preferred 
sugar is sucrose. 

15 Specifically, a sugar is first acylated with 

an acylating con5)Ound having the general formula: 

O 
II 

CH2 = R - C - O - 

20 wherein R is selected from the group consisting of 

hydrogen, alkanes, alkenes, branched alkanes, 
substituted alkenes, substituted aliphatic moieties, 
aromatic moieties, substituted aromatic moieties and 
mixtures thereof, and R' is a leaving group. Again, it 

25 is presently believed that the sugar is acylated with 

the acylating confound pursuant to a nucleophilic 
mechanism as previously discussed. Accordingly, R' is 
prefercd>ly a good leaving group as previously discussed 
with regard to Ri and R3 of the organic acid derivative. 

3 0 A preferred acylating conpound is vinyl 

acrylate • 

The sugar is acylated by mixing the sugar and 
acylating compound in a substantially non-aqpaeous, 
organic solvent. The solvent is selected such that the 
35 sugar and acylating compound are soluble (i.e., at 

least about 10 mmol/liter and preferably about 100 
mmol/liter) and the hydrolytic enzyme is active. 
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Suitable solvents include cuihydrous pyridine and 
dimethylf ormamide. Anhydrous pyridine is the preferred 
solvent . 

The hydrolytic enzymes useful for the 
5 acylation of the sugar are the same as those disclosed 

previously. Additionally, lipase P-30 from Pseudomonas 
sp. available from AMANO has been found suitable. 
Preferably, activated alkaline protease from Bacillus 
sp. will be used. 

10 Preferably, the sugar is acylated in the 

presence of a compound selected to inhibit the 
premature polymerization of the acylating compound. 
Suitable inhibitors include ascorbate and hydro- 
guionone. Hydroguionone is preferred* Of course, 

15 other inhibitors knovm by those skilled in the art may 

be used. 

The sugax and acylating compound are mixed in 
the presence of hydrolytic enzyme and inhibitor in the 
solvent at a temperature of about 10 to about SO^C 

20 for a time sufficient to permit the acylation of the 

sugars (preferably about 24 hours) . The sugar and 
acylating confound are mixed in at least a 1:1 molar 
ratio, with an excess of acylating compound being 
preferred. Once formed, the acylated sugars may be 

25 separated pursuant to silica gel chromatography or any 

other method of separation known by those skilled in 
the art. 

The resulting acylated sugars have the 
general formula : 
30 O 

II 

S - O - C - CHR = CHj 

wherein S conprlses. sugar, and R is selected from the 
35 group consisting of hydrogen, alkanes, alkenes, 

branched alkanes, substituted alkenes, aromatic 
moieties, substituted aliphatic moieties, substituted 
aromatic moieties and mixtures thereof. "With reference 
to the above formula, the sugars are acylated at 
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primary hydroxyl positions. For example, sucrose is 
acylated at the l'- position, raffinose at the im- 
position, fructose at the 1- position, trehalose at the 
6- position, a- and /3- alkylglucosides at the 6- 
5 position, ckf- and haloglucosides at the 6- position, o 

and fi' alkylgalactosides at the 6- position, a- and ^- 
halogalactosides at the 6- position, a- or fi- 
alky Imannos ides at the 6- position, and or- and ^- 
halomaxmosides at the 6- position. 

10 The acylated sugars are then polymerized by 

dissolving the sugars in either water or a non- aqueous 
organic solvent such as dimethylf ormamide, N- 
methylpyrolidone, dimethylsulf oxide or dimethyl 
acetamide (dimethylf ormamide being preferred) and 

15 thereafter sparging the resulting mixture with nitrogen 

for cdDOUt ten minutes at about 40«»C. Other methods of 
agitation may, of course, be used in place of sparging 
with nitrogen. Thereafter, a free radical initiator is 
added to the solution in an amount from about .05% to 

20 about 0.5% by weight initiator per weight acylated 

sugar monomers. The molecular weight of the final 
product is inversely proportional to the amount of 
initiator added. 

Where water is the solvent, an equal amount 

25 of potassium persulfate and hydrogen peroxide initi- 

ators are preferably added. Where a substantially non- 
aqueous organic solvent is used, preferred initiators 
include azobisisobutyrol-nitrile, benzoyl peroxide and 
tert -butyl peroxide. In either case, the resulting 

30 mixture is mixed (250 rpm) at about 40«C for about 24 

hours. The resulting sugar-based polymer can then be 
recovered by precipitation with acetone, filtered and 
dried. 

The resulting sugar -based polymer will have 
35 the general formula: 
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RCH - CH, 
I 



c = o 



1 



10 I 

s 

wherein S comprises non- reducing sugar, R is selected 
15 from the group consisting of hydrogen, alkanes, 

alkenes, branched alkanes, siibstituted alkenes, 
aromatic moieties, substituted aliphatic moieties, 
substituted aromatic moieties and mixtures thereof, and 
n is a nuxnber greater than 1. With reference to the 
20 above formula, the sugars are attached at primary 

hydroxyl positions. For example, sucrose is attached 
at the 1' -position, raffinose at the l"-position, 
fructose at the 1' -position, trehalose at the 6- 
position, alkyl-and haloglucosides at the 6 -position, 
25 alkyl-and halogalactosides at the 6 -position and alkyl- 

and halomannosides at the 6 -position. 

CROSS -LINKING OF THE SUGAR- BASED POLYMERS 

In some applications it may be desirable to 

30 cross -link the sugar-based polymers of the present 

invention. For exsunple, where shorter linking groups 
(i.e. for exconple the Rj group in the previously 
discussed organic acid derivative) are employed (i.e;. 
less than about 10 carbons) , the polymer will be 

35 hydrophilic and potentially water soluble. Light 

cross- linking would result in an insoluble hydrophilic 
polymer that could swell and absorb water. This will be 
particularly important with lower molecular weight 
polymers. One approach of providing cross -linking 

40 capability to the sugar-based polymer is via the 

incorporation of an \msaturated fatty acid into the 
sugar-based polymer. This could be accomplished, for 
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example, by the use of an unsaturated fatty acid in the 
organic diacid derivative or in the coreactant. This 
would result in the incorporation of unsaturated fatty 
acid chains in the sugar-based polymer. Heating or 
5 irradiating the polymer would cause cross -linking to 

occur at the unsaturated bonds resulting in a thermo- 
setting or photosetting sugar-based polymer. 

Another approach is to cross -link open 
hydroxyl positions on the sugars using a cross -linking 

10 species such as a diisocyanate or dinitrile. Preferred 

cross-linking species include l, 4- tetramethylene 
diisocyanate, 1, 6-hexamethylene diisocyanate and 1,6- 
hexamet:hylene ^initrile in the presence of a tri- 
alkylamine catalyst (with respect to the use of a 

15 dinitrile cross -linking agent, the cross -linking is 

acid catalyzed rather than trialkyl amine catalyzed) . 
For all praqtical purpose, however, only a limited 
amount of cross -linking is suggested pursuant to this 
method. Generally, no more than one hydroxyl per sugar 

20 moiety should be cross-linked. Excessive cross-linking 

may result in the removal of too many free hydroxyl 
groups, thereby reducing the water -cJ^sorbency of the 
sugar-based polymer. The polymers could also be cross - 
linked during the acylation process by using organic 

25 acid derivates having three or four carboxyl groups, 

the free carboxyl groups acting as cross -linking 
points. Of course, any method of cross -linking known 
by those skilled in the art is conteitplated for use in 
the present invention. 

30 

PREPTkRATION OF SUGAR - CONTAINING 
P0LY(ACRY][ATg)-BAggp HYPRQggLS 

35 Surprisingly, it has been discovered that 

water-cQDsorbant hydrogels may be prepared using the 
poly (sugar acrylates) of the present invention. 
Preferably, monosaccharide -based poly (acrylates) are 
used to prepare the hydrogels of the present invention. 
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In particular, the previously discussed acylated 
sugars, of which the acylated monosaccharides are 
preferred, used in the preparation of poly (sugar 
acrylates) are employed in preparing the hydrogels. 
Thus, acylated sugars are provided having the following 
structure: 

O 
II 

S - O - C - CHR « CH2 



wherein S comprises sugar, R is selected from the group 
consisting of hydrogen, straight chain alkanes having 
from about 1-10 carbon atoms, phenyl, nitrophenyl and 
mixtures thereof. Preferably, R is a hydrogen atom. 

15 The sugar is preferably selected from the 

group consisting of sucrose acylated at the Im- 
position, raf f inose at the 1" -position, fructose at the 
1-position, trehalose at the 6-position, a- and /8- 
phenyl-or alkylglucosides at the 6 position, or- and jS- 

20 haloglucosides at the 6-position, or- and ^- phenyl- or 

alkylgalactosides at the 6-position, a- and /3- 
halogalactosides at the 6-position, a- or /3- phenyl- or 
alkylmannosides at the 6-position, or- and fi- 
halomajinosides at the 6-position, and mixtures thereof. 

25 More pref eral>ly the sugar is selected from the 

alkylated monosaccharides of the foregoing group. Even 
more preferably, the sugar is selected from the 
methylated monosacharrides of the foregoing group. 
Most preferaJDly, the sugar conqprises 1- 

30 methylgalactoside. 

In preparing the hydrogels of the present 
invention, the acylated sugar is polymerized by mixing 
the acylated sugar with a free- radical polymerization 
initiator. Any suitaible free- radical initiator is 

-5 contemplated for use in the present invention. 

Examples of suitable initiators ammonium persulfate in 
water, t- butyl peroxide or azobisisobutyrol-nitrile 
(AIBN) in non-aqueous solvents. Preferably, the 
initiator will comprise AIBN. 
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In an alternate embodiment of the present 
invention, the acylated sugar is copolymer i zed with an 
equimolor amount of 2-hydroexythyl methacrylate. 

The free radical polymerization, or the 
5 copolymerization as the case may be, is conducted in 

the presence of a crosslinking agent. Any suitaJble 
crossl inking agent is contemplated for use in the 
present invention. Thus, any compound having two 
terminally located vinyl groups is contemplated for use 

10 in the present invention. Preferably, the crosslinking 

agent comprises ethyleheglycol dimethacrylate* 
Preferably, the crosslinking agent will conprise about 
0.1 - 10% by weight of the polymer or copolymer. Even 
more preferably, it will comprise 0.3-3 wt% of the 

15 polymer . 

In the presently most preferred embodiment of 
the invention, the hydrogel is made without the 
presence of a, free -radical polymerization initiator or 
a cross -linking agent* In this embodiment, a sugar - 

20 based homopolymer is made from an acylated sugar as 

previously disclosed and as disclosed in the exeonples 
set forth herein. The resulting acylated sugar is 
purified in a silica gel column as disclosed herein 
(See, for exanple. Example 12) . The resulting 

25 composition coinprises acylated sugar, ethyl acetate and 

traces of water. The ethyl acetate and water are 
evaporated off by rotary evaporation at about 60**C to 
concentrate the acylated sugar. As the acylated sugar 
concentrates during the rotary evaporation (until the 

30 concentrated acylated sugars have an oil -like 

viscosity) , it autopolymerizes to give the hydrogels of 
the present invention. 

It is to be understood that an equivalent of 
changes and modification of the above described embodi- 

35 ments are also contemplated for use in the present 

invention. The following examples are not to be 
construed as limitations upon the present invention. 
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the scope of which is defined by the claims appended 
hereto, but are included merely as an illustration of 
various embodiments . 

5 EXAMPLES 

Example 1 

In order to identify enzymes capable of 
catalyzing the regioselective diacylation of sucrose 

10 and, ultimately, the synthesis of sucrose-based 

polymers, a variety of hydrolytic enzymes were screened 
for their ability to synthesize sucrose butyrate in 
pyridine. In this manner, simple esters of sucrose 
were obtained and structurally analyzed without the 

15 added complication of polymer formation, Trifluoro- 

ethylbutyrate was chosen as the butyrate donor « In 
all, 15 enzymes were studied for sucrose -butyrate 
synthesis (Table 1) • . A typical reaction mixture 
contained 0.1 M sucrose dissolved in 2 mL anhydrous 

20 pyridine containing 0,6 M trif luoroethylbutyrate. The 

6:1 molar ratio of trif luoroethylbutyrate to sucrose 
was chosen to expedite the reaction. The reactions 
were initiated by the addition of 0.25 g/mL enzyme 
(0.015 g/mL in the case of "proleather " , an alkaline 

25 protease obtained from Amano) and mixing at 250 rpm and 

45'^C. Sucrose disappearance was monitored by HPLC. As 
can be discerned from Teible 1, the five most active 
enzymes were Alkaline Protease; Bacterial Protease; 
Bacillus protease; Aminoacylase ; and subtilisin. 

30 

Example 2 

The five most catalytically active enzymes 
from Example 1 were subjected to a 25 mL reaction scale 
(same concentrations of reactants and enzyme as in 
35 Example 1) . After the time scale indicated in Table 2 

the reactions were terminated and the solvent 
evaporated. The residual solids were chromatographed 
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on silica gel (17:2:1; ethyl acetate rmethanol : water) 
and the sucrose ester products separated- Clearly, as 
can be discerned from Table 2, the alkaline protease 
("proleather") produced the highest ratio of sucrose 
5 dibutyrate to monobutyrate . The production of the 

sucrose dibutyrate is important for the subsequent 
synthesis of the sucrose -based polymer of the present 
invention. "C-NMR analysis of the proleather mono- and 
diester products indicated that the sucrose is first 
10 acylated in the 1' position followed by acylation at 

the 6 position. 



Example 3 -.-r 

As can be discerned from TABLES 1 and 2, of 

15 the fifteen enzymes considered, proleather was the 

ideal choice to carry out the synthesis of a sucrose- 
based polymer. In this example, bis (2,2,2 -trifluoro- 
ethyl) adipate was selected as the organic acid 
derivative. Sucrose (0.1 M) was dissolved in 25 mL 

20 anhydrous pyridine containing 0 • 1 M bis (2,2,2- tri - 

fluoroethyl) adipate. The reaction was initiated by 
the addition of 0.015 g/mL activated alkaline protease 
(proleather) and the reaction magnetically stirred at 
100 rpm and 45''C under a slight nitrogen stream. The 

25 ratio of sucrose to the diacid derivative was purposely 

chosen to be eguimolar as it was es^ected that two 
hydroxy Is on sucrose would readily react with the two 
acid functionalities of the organic acid derivative. 
(Proleather did not catalyze the synthesis of sucrose 

30 tributyrates in the aforementioned experiment.) 

The progress of the reaction was followed by 
gel permeation chromatography (gpc) HPLC. The reaction 
was terminated after 28 days (80% conversion of the 
sucrose) , the enzyme removed by filtration, and the 

35 pyridine and bis (2 , 2 ,2-trif luoroethyl) adipate removed 

by rotary evaporation. The products of the reaction 
were completely water-soluble as well as having high 
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solubilities in polar organic solvents including 
methanol, ethanol, pyridine, dimethylf ormamide, and 
dimethylsulf oxide. While the reaction was slow, gpc 
data showed the formation of higher molecular weight 
species as reaction time increased. Molecules with 
molecular weights in excess of 10,000 were produced. 
The average molecular weight- was determined following 
dialysis of the product (through a 1000 dalton dialysis 
bag to remove unreacted sucrose and low molecular 
weight mono- and diester products) . The dialyzed • 
product was shown to have a weight average molecular 
weight (M„) of 2110 and a number average molecular 
weight (H.) of 1555, therefore giving a polydispersity 
(Mw/Mn) of 1.36. The polyester showed selective 
linkages between the adipic acid functionalities and 
the 6 and 1' positions of the sucrose as determined by 
'^-MMR. From the nmr data, it is clear that a shift in 
the positions of the 6 and 1' carbons has occurred, 
indicative of acylation at those positions . The 
resulting sucrose -based polymer had a decomposition 
temperature of cUDout 150*C. 

Examplia A 

A sugar-based polymer comprising 
poly (raff inose adipate) was prepared according to the 
following steps. An eguimolar amount of raff inose and 
bis(2,2,2-trifluoroethyl) adipate were mixed in the 
presence of 375 mg proleather in 25 mL pyridine. The 
resulting mixture was mixed at 250 rpm for ten days 
resulting in the formation of a poly (raff inose adipate) 
having a M„ = 13 , Qoo , a = 11,000 thereby yielding a 
polydispersity (Mw^^) of 1.18. 

Exampi t; 

— A sugar-based polymer was prepared as in 
Exait5>le 4 except vinyl adipate was used instead of 
bis (2,2,2- trif luoroethyl ) adipate . 
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Example £ 

The chemoenzymatic synthesis of a 
poly (sucrose adipsunide) was carried out using the 
following procedure. A reaction mixture was prepared 
by dissolving 0.86g (O.IM) sucrose in 25 mL pyridine 
containing 3.ig (p*4M) bis (2,2,2-trifluoroethyl- 
:7?adipate). Excess bis (2,2,2-trif luoroethyladipate) was 
used to improve the yield of sucrose diester relative 
to the mdnoester* The diacylation of sucrose was 
initiated by the addition of 15 mg/mL Proleather (an 
activated alkaline protease from a Bacillus sp.) to the 
reaction mixture and subsequent magnetic stirring of 
the mixture under nitrogen at 150 rpm for 5 days at 
45 ^'C. The diacylation of the sucrose was terminated by 
filtering off the enzyme and evaporating the pyridine 
and imreacted bis (2,2,2- trif luoroethyladipate ) . The 
resulting sucrose 6 , 1 ' - di ( trif luoroethyl ) adipate was 
then purified using silica gel chromatography with an 
eluent of ethyl acetate: methanol: water (18:1.25:1) . 
The sucrose 6, 1' -di (trif luoroethyl) adipate was obtained 
in 20% yield. No tries ter was formed. 

Polymerization of the 6 , 1 ' -di (trif luoro- 
ethyl) adipate was then carried out by mixing 15 mg 
(0.125M) ethylenediamine and 0,19g (0.125M) 6,1'- 
di (trif luoroethyl) adipate in 2 ml of N- 
methylpyrolidone. This solution was stirred at 35 ®C 
for 24 hours. Results of gel permeation (6PC) and thin 
layer (TLC) chromatographies indicated that the 
conversion of the 6, 1' di (trif luoroethyl) adipate was 
quantitative. A substantial byproduct (ca. 50%) was 
found to be sucrose monoadipate, presumably formed by 
the reaction of ethylenediamine with the internal ester 
linkage between the sucrose and the adipate derivative. 
The resulting poly (sucrose adipamide) was recovered by 
evaporating the N-methylpyrolidone under vacuxim at 
50**C. The product was washed with acetone and dried 
under vacuum at 45**C. The poly (sucrose adipamide) was 
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Obtained in 48% recovered yield (75 mg) and was a 

semicrystalline solid, having a melting point of 225 ^C; 

t<^]D=i66 (cl, dimethyl formainide ) , 1^=4800, M^=8100; Anal. 

calcd, for C26H42O15N2 (per repeat unit): C, 50.2; H, 6.8; 

0, 38.6; H, 4.5; found C,98.9; H, 6.8; 0, 33.1; N, 6.6. 

The slight decrease in ratio of O/N may have been due 

to the formation of trace amounts of poly (ethylene 
adipamide) . The poly (sucrose adipamide) was insoluble 
in water, but soluble in a variety of polar organic 
solvents including pyridine, dimethyl formamide, N- 
methylpyrolidone, dimethyl sulfoxide, dimethylacetamide , 
methanol and ethanol. Structural analysis of the 
poly (sucrose adipamide) by infrared spectroscopy was 
consistent with incorporation of sucrose into the 
polymer backbone. NMR analysis indicate that the 
sucrose is linked at the € and 1' positions. 

Example 7 

A sugar-based polymer comprising poly (sucrose 
adipate) was chemically prepared according to the 
following steps. 855 mg of sucrose was acylated in the 
6 and 1' position with a blocking compound by mixing 
the sucrose and 1.3 g of the blocking compound 
consisting of vinyl acetate in the presence of 375 mg 
proleather in pyridine- The resulting diacylated 
sucrose was then mixed with an excess of methyl iodide 
(0.7 g) in the presence of 2 g dimethylaiminopyridine . 
The resulting methylated sucrose was then mixed with an 
excess sodirma hydroxide to deacylate (deblock) the 
primary hydroxyl groups at the 6 and 1' sites. 
Thereafter, the methylated sucrose having free primary 
hydroxyl groups at the 6 and 1' positions was 
polymerized by mixing it with 455 mg adipoyl chloride 
in the presence of 25 ml dimethyl formamide . The 
mixture was treated with excess of acid to deblock the 
hydroxyl groups and the resulting poly (sucrose adipate) 
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was separated. The resulting polymer had a of about 
4,000. 

Example 8 

5 A water absorbent sugar-based polymer 

comprising poly (sucrose adipate) was made by cross- 
laiifcing OH (secondairy hydroxy 1) groups on the sucrose 
moieties. In particular, 50 mg poly (sucrose adipate) , 
37-5 mg 1, 6-hexamethylene diisocyanate cOid 10 mg of 

10 triethylamine (catalyst) were mixed in 1 ml of 

dimethylf ormamide. This composition was mixed at 250 
rpm (orbital mixer) for about 48 hours at ambient 
temperature (about 25 °C) or until gel formation 
signifying cross -linking. The cross -linked 

15 poly (sucrose adipate) made by this method was found to 

absorb 111% of its weight in HjO. The absorbency of 
the polymer product was measured by adding 25 mg of the 
polysucrose adipate to water with gentle stirring for 
about 5 hours. The water was then removed by filtering 

20 and the poly (sucrose adipate) was again weighed. The 

polymers' final weight /original weight (25 mg) provides 
the measure of its water cLbsorbency. 

Example 9 

25 A water absorbent sugar-based polymer 

comprising poly (raff inose adipate) was made by cross- 
linking -OH groups on the raff inose moieties. In 
particular, 55 mg of poly (raff inose adipate) , 37,5 mg 
1, 6-hexamethylene diisocyanate ajid 10 mg triethylamine 

30 were mixed in 1 ml of dimethylf ormamide . This composi- 

tion was mixed at 250 rpm for about 4 8 hours at simbient 
temperature or until a white solid formed. The cross - 
linked poly (raff inose adipate) made by this method was 
found to absorb 426% of its weight in water. 

35 Absorbency was measured as in Example 8 . 



.e414823A1 I > 



• » 

wo 94/14823 



PCT/US93/12556 



10 



15 



- 37 - 

Example 10 

A poly (sucrose adipate) is made by dissolving 
alkylated sucrose in dimethyl f ormamide . To this 
solution, a catalytic amount of dimethylaminopyridine 
and equimolar ratio of adipoyl chloride to sugar is 
added. The resulting mixture is mixed at 250 rpm for 
about 1 hour at 25*^0. The resulting poly (sucrose 
adipate) has the structure 



O O 

II II 
S - O - C - {CH2)4 - C 

"n 



wherein S is sucrose linked at the 6 and 1' positions 
cuid n is greater than 100. 

20 Example 11 

A poly (sucrose acirylaue) was made by 
dissolving 3.42 g (0.1 M) sucrose in 100 ml pyridine 
containing 5.88 g (0.6 M) vinyl acrylate. Hydroguinone 
(0.5% w/v) was added inhibit polymerization of the 

25 vinyl acrylate during the sucrose acrylate synthesis. 

The sucrose acrylate synthesis was initiated by 
addition of 15 mg/ml Proleather and the mixture was 
magnetically stirred under nitrogen at 150 rpm for 5 
days at 45*>C. The reaction was terminated by filtering 

30 of the enzyme, evaporating the pyridene and unreacted 

vinyl acrylate, and the product was purified and 
separated by silica gel chromatography with an eluent 
consisting of ethyl acetate: methanol: water (18:1.25:1). 
The sucrose monoester was obtained in 28% yield, 

35 1.10 g. The ester was an amorphous solid, mp « 78*^C; 

[alo ^ = 50.4 (cl,H20) . 

Subseq[uent poly (sucrose acrylate) synthesis 
was carried out by dissolving 0.1 g (0.25 M) of the 
sucrose monoester in l ml H2O and the solution was 

40 sparged with Nj for ten minutes. Potassium persulfate 
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(0.15%) and 0.2% hydrogen peroxide were added and the 
solution was stirred at 25 for 24 hours. The 
resulting poly (sucrose I'-acrylate) was recovered by 
precipitation with acetone, filtered and dried under 
5 vacuum at 45^C. The poly (sucrose I'-acrylate) was 

obtained in 80% yield (80 mg) , and was characterized as 
an amprphous solid, [alp ^ = 38.3 (0.67, H^O) , = 
57,000, 91,000. Anal, calcd. for CiiHjsOn (per 

repeat unit); C, 45, 5 ; H, 6 . 1; 0,48.5; found C,43.2; 
10 H, 5. 9; 0,47.0. The poly (sucrose I'-acrylate) was 

soluble in a variety of polar organic solvents 
including water, dimethylf ormamide, and N- 
methylpyrolidone. As confirmed by IR analysis, the 
poly (sucrose I'-acrylate) had the following structure: 



15 



20 



25 



I 



O 

I 

Sucrose 

Example 12 

Enzymatic Synthesis of 
30 1 - g -Methyl - € - Acryloyl -Galactoside 

A solution of 3.0 g (0.4 M) l-jS-D- 
methylgalactoside in 40 mL anhydrous pyridine was 
prepared and 3.3 mL (0.6 M) vinyl acrylate was added. 

35 The reaction was initiated by the addition of 0.25 g/mL 

lipase P and the mixture stirred at 200 rpm at 25*^C. 
After 4 Oh, 97% of the sxabstrate had reacted. The 
reaction was stopped by filtering off the enzyme and 
the filtrate was dried under rotary vacuum to give a 

40 tan oil. The oil was subjected to silica gel 

chromatography (4 x 60 cm) with ethyl acetate rMeOHiH^O 
(720:5:4). The fractions corresponding to l-/3-methyl- 
6-acryloyl -galactoside were pooled and dried to give 
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2.92 g {75% yield) of a white powder. [q;]d25 - 10. 1 (c 

1, DMF) . 'H NMR (DMSO-d«) 63-53 (dd, J=9.91, 7.90H2, H- 
2), 3.56(3H, s, CH3O-), 3.67 (IH, dd, J=9-91, 3.52 Hz, 
H-3), 3.97 (IH, m, H-5), 3.99 (IH, d, J=3.52 H2, H-4) , 

5 4.34 (IH, d, J=7.90 Hz, H-1), 4.38 (IH, dd, J=11.7, 4.8 

Hz, H-6) , 4.40 (IH, dd, J=11.7, 7.7 Hz, H-6) , 6.03 (IH, 
dd, J=10.58, 0.92 Hz, H-3'), 6.24 (IH, dd, J=10.58, 
17.37 Hz, H-2'), 6.47 (IH, dd, J=17.37, 0.92 Hz, H-3'). 
"C NMR fit 59.97 (CH3O) , 66.49 (C-6) , 71.41 (C-4) , 73.34 
10 (C-2), 75.23 (C-5), 75.39 {C-3) , 106.6 (C-1) , 129.9 (C- 

2'), 136.2 (C-3') and 170.9 (C=0) . Anal. Calcd. for 
C10H16O7: C, 48-39; H, 6.69; O, 45.16. Found: C, 48.38; 
H, 6.45; O, 45.29. 

15 Example 13 

Enzymatic Synthesis of 

2. -6- Phenyl - 6 - Acrvlovl -Galactoside 

A solution of 4.06 g (0.4 M) 1-/S-D- 

20 phenylgalactoside in 40 mL anhydrous pyridine was 

prepared and 3.3 mL (0.6 M) vinyl acrylate was added. 
The reaction was initiated by the addition of 0.25 g/mL 
lipase P amd the mixture stirred at 200 rpm at 25 «C. 
After 40 h, 98% of the substrate had reacted. The 

25 reaction was stopped by filtering off the enzyme and 

the filtrate was dried under rotary vacuum to give a 
tan oil. The oil was subjected to silica gel 
chromatography (4 x 60 cm) with ethyl acetate rMeOHzHjO 
(720:2:1). The fractions corresponding to l-jS-phenyl-. 

30 6 -acryloyl -galactoside were pooled and dried to give 

2.95 g (59% yield) of a white powder. [a]D*'-24.3 (c l, 
DMF). 'H NMR (DMSO-d<s) 6 3.52 (IH, dd, J=9.45, 3.34 Hz, 
H-3), 3.64 (IH, dd, J-9.45, 7.77 Hz, H-2), 3.78 (IH, br 
d, j=3.34 Hz, H-4), 3.96 (IH, ddd, J=8.37, 3-94, 0.86 

35 Hz, H-4), 4.25 (IH, dd, J=11.43, 3.94 Hz, H-6), 4.38 

(IH, dd, J=11.43, 8.37 Hz, H-6), 4.88 (IH, d, J=7.77 
Hz, H-1), 6.03 (IH, dd, J=10.41, 1.48 Hz, H-3'), 6.23 
(IH, dd, J=17.37, 10.41 Hz, H-2'), 6.39 (IH, dd. 
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J=17.37, 1.48 Hz, H-3'), 7.04 (3H, m, H-3", -4", -5"), 

7.31 (IH, ddd, J=7.35, 2.35. 2.07 Hz, H-2" or H-e") , 

7.32 (IH, ddd, J=7.31, 2.32, 2.04 Hz, H-2" or H-6"). 
"C NMR 6 65.44 (C-6), 69.83 (C-4) , 71.61 (C-2) , 73.97 

5 (C-5), 74.55 (C-3), 102.2 (C-1) , 117.7 (C-3",-5"), 

123.2 (C-4»), 129.7 (C-2'), 130.8 (C-2",), 133.1 (C- 
3'), 158.9 (C-1"), 166.7 (C=0) . Anal. Calcd. for 
CijHijO,: C, 58.06; H, 5.81; O, 36.13. Found: C, 57.87; 

H, 6.01; O, 35.90. 

10 

Example 14 

Enzymatic Synthesis of 

1-g- (2-NO^-PhenYH -6-Ari-ylov 1 -aalactoside 

15 A solution of 4.82 g (0.4 M) 1-/S-D-2- 

nitrophenylgalactoside in 40 mL anhydrous pyridine was 
prepared and 3.3 ml, (0.6 M) vinyl acrylate was added. 
The reaction was initiated by the addition of 0.25 g/mli 
lipase P and the mixture stirred at 200 rpm at 25 "C. 

20 After 20 h, 95% of the substrate had reacted. The 

reaction was stopped by filtering off the enzyme and 
the filtrate was dried under rotary vacuum to give a 
tan oil. The oil was sxibjected to silica gel 
chromatography (4 x 60 cm) with ethyl acetate rMeOHiHjO 

25 (720:2:1). The fractions corresponding to 1-/3- (2- 

nitro-phenyl) -6-acryloyl-galat:toside were pooled and 
dried to give 4.56 g (80% yield) of a white powder. 
talD"-96.9 (c 1, DMF) . 'H NMR (DMSO-d«) 6 3.47 (IH, br 
d, J=9.2 Hz, H-3), 3.60 (IH, m, H-2), 3.74 (IH, t, 

30 J=3.68, H-4) , 4.01(1H, m, H-5) , 4.22 (IH, dd, J-4.02, 

11.47, H-6), 4.28 (IH, dd, J=8.29, 11.47 Hz, H-6), 5.08 
(IH, d, J=8.72 Hz, H-1), 5.98 (IH, dd, J=10.40, 1.46 
Hz, H-3'), 6.18 (IH, J=17.29. 10.40 Hz, H-2'), 6.38 
(IH, J=17.29, 1.46 Hz, H'3'), 7.18 (IH, dt, J=8.2, 

35 0.86, H'4"). 7.37 (IH, dd, J=8.57, 0.86, H-6"), 7.60 

(IH, dt, J=8.5, 1.7 Hz, H-5"), 7.85 (IH, dd, J=B.07, 

I. 7 Hz, H-3"). "C NMR 6 65.43 (C-6), 69.99 (C-4), 
71.54 (C-2), 74.48 (C-5), 74.75 (C-3), 102.4 (C-1), 
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118.7 (C-6"), 123.5 (C-4"), 126.4 (C-3«). 129.9 (C-2'), 
133.4 (C-3'), 135.5 (C-5"), 142.0 (C-2")/ 151.1 (C-1"), 
166.9 (C=0) . Anal. Calcd. for Ci5HnN09: C, 50-70; H, 
4.79; N, 3.94; 0, 40.56. Found: C, 50.66; H, 5.20; N, 
5 3.79; O, 40.20. 

Example 15 

Synthesis of Polv(l>g-Met:hyl-6-AgrYlovl-Galact:oside) 
A solution of 2.0 g l-/S-inetliyl-6-acryloyl- 

10 galactoside in SmL DMF was prepared and 0.1% (w/w) AJBN 

was added. The polymerization proceeded at 65** under 
nitrogen for 16 h. The reaction was terminated by 
precipitating the polymer with ethyl acetate and the 
white solids were washed with acetone to yield 1.48 g 

15 poly (l-iS -methyl- 6 -acryloyl- galactoside) (74% yield) . 

[a]rP - 12.8 (C 1, DMF). *H NMR (DMSO-d^) 6 1.80 {2nH, 
br t, H-3'), 2.44 (InH, br s, H-2'), 3.55 (InH br H- 
2), 3.60 OnH, s, CH3O) , 3.70 (InH, br s, H-3) , 3.90 
(InH, br s, H-5) , 3.97 (InH, br s, H-4) , 4.27(2nH, br 

20 S, H-6) and 4.32 (InH, br s, H-1) . NMR 6 21.08 (C- 

3'), 44.23 (C-2'), 59.60 {CH3O) , 67.26 (C-6) , 71.49 (C- 
4), 73.29 (C-2) , 75.19 (C-5), 75.44 (C-3), 106.5 (C-1) , 
167.6 (C=0) . Anal. Calcd. for C,oH,607: C,48.39; H, 
6.69; O, 45.16. Found: C, 48.27; H, 6.86; 45.38. 

25 

Example 16 

Synthesis of Poly (l-fl> Phenyl- 6 -Acrvlo vl -Galactoside) 
The polymerization reaction was performed 

xinder conditions identical to the previous example 
30 regarding poly (l-/S-methyl-6-acryloyl-galactoside) . 

The polymerization yielded 1.80 g of a white powder 

(90% isolated yield), [Qf]D^ - 45.8 (c 1, DMF). *H NMR 
(DMSO-d^) 6 1.48 (InH, br t, H-3'), 2.17 (InH, br s, H- 

2'), 3.40 (InH, br s, H-3), 3.75 (InH br s, H-4), 4.00 
35 . (InH, br s, H-5) , 4.72, 4.90 (each InH, each br s, H- 

6), 5.20 (InH, br s, H-1), 6.85 (3H, br s, H-3"-, 4"-, 

5"), 7.10 (2H, br s, H-2"-, 6")- ^^C NMR 5 64.0 (C-6), 
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68.3 {C-4), 69.9 (C-2), 72.0 (C-5), 72.8 (C-3), 100.5 
(C-1), 116.0 (C-3",-5"), 121.6 {C-4"), 129.2 (C-'2",- 
6"), 157.1 (C-1"), 162.2 {C=0) . The carbon assignments 
for C-2' and C-3' were split into numerous signals due 
5 to mixtures of rotational configurations* Anal. Calcd, 

for C,5H,807: C, 58.06; H, 5.81; O, 36.13. Found: C, 
57.81; H, 6.04; O, 35.94. ^ • 

Example 17 

10 Synthesis of Foly (X-fi- 

( 2 - NQj - Phenyl ) - 6 > Aery loyl - Galac t os ide ) 

The polymerization reaction was performed 
under conditions identical to Example 15 regarding poly 

15 (l-/S-methyl-6-acryloyl-galactoside) . The 

polymerization yielded 1.32 g of a white powder (66% 
isolated yield). [<y]D^ - 108.7 (c 1, DMF) . IH NMR 
(DMSO-d^) 5 1.50 (2nH, br t, H-3'), 2.21 (InH, br s, H- 
2'), 3-51 (InH, br s, H-3), 3.61 (InH, br s, H-2) , 3.75 

20 (InH, br H-4) , 4.05 (InH, br s, H-5) , 4.78, 5.20 

(each InH, each br H-6) , 5.04 (InH, br, s, H-1) , 
7.05 (InH, br s, H-4«) , 7.30 (InH, br s, H-6") , 7.50 
(InH, br s, H-5«), 7.70 (InH, br s, H-3"). NMR 
6 63.55 (C-6), 68.10 (C-4) , 69.66 (C-2), 72.59 (C-5), 

25 72.75 (C-3), 100.5 (C-1) , 116.8 (C-6"), 121.7 (C-4"), 

124.5 (C-3"), 133.7 (C-5"), 139.8 (C-2"), 149.2 (C-1"), 
165.1 (C=0) . The carbon assignments for C-2' and C-3' 
were split into numerous signals due to mixtures of 
rotational configurations. Anal. Calcd. for CisHnNO^: 

30 C, 50.70; H, 4.79; 3.94; O, 40. 5€. Foiind: C, 

50.25; H, 4.89; N, 4.28; O, 40.68. 

Example 18 

Synthesis of Hydroaels 
35 The polymerization of 1 -methyl -6 -acryloyl- 

galactoside or 1-/S -phenyl -6 -acryloyl-galactoside were 
carried out in an identical fashion: 1.0 g of the 
monosaccharide acrylate was dissolved in 4.0 mL DMF 
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containing different concentrations of ethyl eneglycol 
dimethacrylate (ranging from 0.5 to 6%, w/w) and 0.5% 
(w/w) AIBN was added. The reaction was perfonned at 
€0« C for 12 h during which time a gel formed. The 
5 residual DMF contained no traces of monosaccharide 

acrylate (as determined by TLC) . Vacuum drying of the 
gels for 24 h (40**C) resulted in white solids with an 
average mass of 0.88 g. Water- swelling was measured by 
placing the solids in 25 roL water for 12 h followed by 

10 removal of the bulk liquid by filtration until surface 

dry gel was obtained and the material weighed. Poly 
(1 -iS - methyl - 6 - acryloyl - galactoside-hema) copolymers 
Tvere prepared in a similar maimer with the 
ethyleneglycol dimethacrylate concentration reduced to 

15 0.3% (w/w) . 

Exaii5>le 19 

Synthesis of Poly (l-fl-MethYl-6-AcrYlovl-Galactoside) 

The synthesis involved the preparation of 1- 

20 iS-methyl-€ -acryloyl -galactoside via enzyme -catalyzed 

transesterif ication of l-/S-D-methylgalactoside with 
vinyl acrylate in anyhydrous pyridine. Several lipases 
were screened for their abilities to catalyze this 
reaction and the lipase from Pseudomonas cepsicia 

25 (lipase P) was foxmd to give the highest conversion of 

1-^-D-methyl-galactoside to acrylate ester . 
Preparative acryloylation of l-/3-D-methylgalactoside 
resulted in the synthesis of l-/S-methyl-6-acrylolyl- 
galactoside in 92% yield in 40 h with an additional 

30 (<5% by TLC) amount of a presumed diacrylate ester 

which was not further characterized. The reaction was 
terminated by filtering off the enzyme auid the pyridine 
was evaporated to give a tan oil. The oil was 
subjected to a silica gel chromatography and 2.92 g 1- 

35 /3-methyl- 6 -acryloyl galactoside was obtained (75% 

isolated yield) as a white powder. The structure was 
verified by *H- and "C-NMR, and elemental analysis. 
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Polymerization of 2.0 g of the l-/S-inethyl-6- 
acryloyl-galactoside was performed in DMF containing 
0.1% AIBN. Following 24 h incubation, the reaction was 
terminated by precipitating the polymer with ethyl 
acetate and washing with acetone resulting in 1.48 g 
poly(i-^-inethyl-6-acryloyl-galactoside) (74% isolated 
yield, and 5e% overall isolated yield from-i-fi-D- 
methylgalactoside) . GPC analysis indicated an 
M.=135,000 and ^.=58,000 (M^/wi. = 2.3). The polymer was 
soluble in water and highly polar organic solvents 
including pyridine, DMF, and DMSO, and was highly 
hygroscopic. When 10 mg of powder was exposed to air 
for 30 min it absorbed 8 mg water from the atmosphere 
Comparison of the '^C-NMR spectra of l-/S-methyl-6- 
acryloyl-galactoside to the poly(i-/S-methyl-6-acryloyl- 
galactoside) shows that the acrylate double bond in the 
former is absent in the latter. 

Example 20 

Monopacrharide Spf^r i fitv nf T>^^ n Aoman^^ T.-ip .c=^ 

A variety of other monosaccharides were 
acryloylated by lipase P catalysis. Table III details 
the initial rates of acryloylation of these sugars in 
pyridine. The activity of lipase P was highly 
dependent on substrate structure. The enzyme clearly 
prefers glactosides over glucosides. For example i- 
methylgalactoside is 6 and 13 -fold more reactive than 
methylglucoside for the or and ^ anomers, respectively 
This difference may be due to the proximity of the C-4 
hydroxyl moiety on acylation at the C-6 hydroxyl group 
The poor reactivity of 1-a-D-methylmannoside (over 14- 
fold less reactive than l-a-methyl-6-acryloyl- 
glucoside) however, is intriguing as mannose is the C-2 
epimer of glucose (axial C-2 hydroxyl in mannose) which 
IS remote from the C-6 position of acylation. To 
ascertain whether the axial hydroxyl at C-2 of mannose 
sterically did indeed hinder the binding of the sugar 
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into the lipase's active site, we acryloylated 
deoxyglucose (same as 2-deoxyinannose) under equivalent 
conditions for 1-/3 -methyl- 6 -acryloyl-galactoside and 
compared the rate of acylation to that for free ^-D- 
5 glucose. The rates of acylation were identical for 

these compounds (0.1 /xmol/mg powder-h; ca- 75% of that 
for 1 -/S -methyl- 6 -acryloyl-glucoside) indicating that 
the axial hydroxyl of mannose derivatives interferes 
with acylation, perhaps because of steric hinderance of 

10 the C-2 hydroxyl group. The binding of sugars to 

lipases must be similar to the binding of glycerol 
esters with the sugar occupying the same active- site 
subsite as the glycerol moiety. Acylation at C-6 of a 
monosaccharide places the C-2 five carbons distant from 

15 the position of acylation. It may be speculated that 

the alcoholic sxibsite of lipases is not large enough to 
accommodate an axial functionality that far away from 
the active center, for acylation. Similarly, a bulkier 
aglycon moiety at position C-1 would be expected to 

20 reduce catalytic activity. In fact, this is observed 

as the bulkier phenyl group, in general (compare 1-^- 
phenyl- 6 -acryloyl-galactoside to l-/3-methyl-6-acryloyl- 
galactoside and l-lS-phenyl-6-acryloyl -glucoside to l-o;- 
methyl-6-acryloyl-glucoside) lowers the enzyme's 

25 activity anywhere from 4 to 7- fold. 

Example 21 

Synthesis of Other PoX v(suQar acrvlate)s 

The acryloylation of the 6 position leaves 

30 open the possibility to control the polymeric 

properties by varying the aglycon moiety on the 1 
position. This was further investigated by using 1-^- 
D-phenylgalactoside as the starting material for 
chemoenzymatic poly (acrylate) synthesis. In a similar 

35 manner as that of l-/S-methyl-6-acryloyl-galactoside, 

1.80g of 1-/3 -phenyl -6- acryloyl-galactoside (53% overall 
isolated yield from i-/8-D-phenylgalactoside) was 
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synthesized. Polymerization was performed with AIBN in 
DMF and the resulting polymer was precipitated with 
acetone and dried. The poly (1-/S -phenyl -6 -acryloyl- 
galactoside) was a white solid with M^=52,700 and = 
5 28,900 (M^/Mj, = 1.8) and was isolated in 40% yield. 

The polymer was water- insoltible but soluble in 
pyridine, DMF, cuid DMSO, and was not hygroscopic, in 
stark contrast to poly (1 - iS -methyl -6 -acryloyl- 
galactoside) • Hence, the additional hydrophobicity of 

10 the aglycon moiety significantly reduced the 

hydrophilicity of the polymer. Likewise, poly (l-^-(2- 
NOj-phenyl) -6-acryloyl- galactoside) was synthesized 
using AIBN in DMF, however, the product was produced in 
low molecular weight (M„<10,000) . The low molecular 

15 weight was possibly due to the free radical scavenging 

ability of the nitro group. 

Excunple 22 

Preparation of Galactose -Based Hvdrocrels 

20 Hydrogels are often prepared by polymerizing 

a water-soluble (meth) acrylic acid- containing compound 
in the presence of a small amount of cross linker. 
Sugars are highly hydrophilic, water-soluble, and have 
the potential to comprise the functional parts of 

25 hydrogel matrices. The synthetic strategy involved the 

polymerization of 1.0 g of 1- /S- methyl -6 -acryloyl- 
galactoside in DMF with 0.5% (w/w) AIBN plus different 
amounts of ethyleneglycol dimethacrylate as 
crossl inker. The polymerization reactions were carried 

30 out for 12 h after which the residual DMF was removed 

by washing the copious amounts of water. The gel -like 
materials were vacuumed dried to give, on average, 0.88 
g of a white solid. The solids were placed in water 
and allowed to equilibrate for 12 h. The percentage of 

35 water contained in the hydrogel based on 1 -/8 -methyl -6- 

acryloyl -galactoside is independent of the crosslinker 
content between 0.5 and 6% (w/w) and is ca. 90%. Thus, 
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the hydrogel holds 9 -times its weight in water. 
Conversely, a similar set of experiments with (2- 
nitro-phenyl) -6-acryloyl-galactoside showed markedly 
poorer hydrogel characteristics (< 30%, w/w) (Figure 1) 
5 suggesting that the more hydrophobic aglycon moiety 

repelled water when directly compared to the methyl 
moiety. The hydrogel based on 1 - jS- methyl -6 -acryloyl- 
galactoside contains methylgalactoside units packed 
close together. We reasoned that this might cause 

10 sugar- sugar interactions that could reduce the 

hydrophilicity of the gel. To avoid this tight packing 
of the sugar moieties, copolymerization of 1 -/S -methyl- 
6-acryloyl-galactoside with 2-hydroxyethyl raethacrylate 
(hema) was carried out in equimolar concentrations in 

15 the presence of ethyleneglycol dimethacrylate as 

crossl inker and further improvement was observed in the 
amount of water contained in the hydrogel matrices. In 
the presence of 0.5% (w/w) crosslinker, the percentage 
of water contained in the hydrogel reached 95% and 

20 reached 98% with 0.3% crosslinker. Attempts to reduce 

the crosslinker content below 0.3% failed to produce a 
gel material. Hence, the hydrogel based on 50% 1-/3- 
methyl- 6- acryloyl-galactoside ajid 50% hema holds up to 
50 -fold its weight in water. The lower the crosslinker 

25 concentration, the higher the water content of the 

resulting hydrogel. This is consistent with the less 
rigid nature of lightly crosslinked polymers. As a 
coxcqparison, hema was polymerized in the al:>sence of 1-/3- 
methyl- 6- acryloyl-galactoside with 0.3% (w/w) 

30 crosslinker. The poly (hema) -based hydrogel was capable 

of holding ca. 5 -fold its weight in water. Thus, the 
presence of hydrophilic sugar moieties in the hydrogel 
improves the water- swelling characteristics of a hema- 
based crosslinked polymer . 

35 
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In Examples 12>22 : 

Lipases P (from Pseudomonas cepacia) , Ay 
(from Candida rucfosa) , and G (Penicillium sp.) were 
obtained from Amano Enzyme Co. (Philadelphia, PA) . 
Porcine pancreatic lipase was obtained from Sigma {St. 
Louis, MO) and Lipolase was a gift from Novo Nordisk 
(Bagsvaerd, Denmark) . All sugars were obtained from 
Sigma and the vinyl acrylate was purchased from Tokyo 
Kasei (Portland, OR) . Azobisisobutyronitrile (AIBN) , 
poly (ethylene glycol) molecular weight standards (200- 
20,000), dextrans (10,000 - 170,000) and polystyrenes 
(1,000 - 100,000) were obtained from Polysciences 
(Warrington, PA) . All other compounds and solvents 
were of the highest purity commercially available. 
Pyridine was dried prior to use with Linde molecular 
sieves (4 A) for 24 h. Optical rotations were measured 
at 589 nm (sodixim line) at 25 in a Jasco DIP-360 
optical polarimeter. *H and NMR were recorded on a 
Bruker WM 3 60 MHz instrument with TMS as internal 
reference and DMSO-d^ used as the solvent in all cases. 

Enzymatic reactions were followed by HPLC for 
the conversions of the sugar glycoside starting 
materials . A carbohydrate analysis column (Waters 
Assoc., Milford, MA) was used with an elution system 
consisting of 83% acetonitrile and 17% water. 
Detection was performed by refractive index (Model 410, 
Waters) . Gel permeation chromatography (6PC) of 
Poly ( 1 -S- methyl - 6 -acryloyl-galactoside) was performed 
using an Ultrahydrogel Linear column (Waters) with an 
eluant of O.l M NaNOa and a flow rate of l mL/min. 
Molecular weight calibration was performed with 
poly (ethylene glycol) and dextran standards. GPC of 
3 poly (1-fi- phenyl -6 -acryloyl-galactoside) and 3 polyd- 
S- (2-N02-phenyl) -6-acryloyl-galactoside) were performed 
with an Ultrastyrogel 10* A pore size (Waters) with DMF 
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as eluant (1 mL/min) and polystyrenes as molecular 
. weight standards. 

It is to be understood that a variety of 
sugars, organic acid derivatives, organic solvents, and 
5 hydrolytic enzymes can i>e substituted for those 

specified above and mixed in similar proportions to 
make various sugar-based polymers. The preceding 
examples should in no way be constzued as limiting the 
extent of the present invention, the scope of which is 
10 defined by the following claims. 
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TABLE 1 

Screen of Enzymes for Sucrose -Butyrate Synthesis* 

Sucrose 

Enzyme Conversion (120 h) 

Control (no enzyme) 0% 

Lipase from As Speraillus Sp. o% 

Aminoacylase 70% 

Lipozyme (Novo) g% 

Fungal Amylase (HT from Rohm) 34% 

Bacterial protease (Bioenzyme) 100% 

Amylase from B. subtilig 24% 

(Rapidase from Gist -Brocades) 

^izopus Sp. Lipase 0% 

Alkaline protease (Amano- 96% 

Proleather) 

BacilluH protease 65% 

Lipase from Pseudomonaa Sp. 0% 
(Amano P) 

Lipase from C. cvlindrar-^a (Sigma) 7% 

Lxpase from porcine pancreas 13% 
(Sigma) 

Yeast Esterase (Sturge, Ltd.) 0% 

Crude subtilisin (Amano 83% 
protease N) (in dimethyl formamide) 

Lipase from Penicillium Sp. 24% 
(Amano G) 



Conditions: Sucrose (0.1 M) dissolved in 2 Ml 
pyridine containing 0.6 M trif luoroethylbutyrate. 
Reaction initiated by addition of 0.25 g/ml enzyme^ and 
shaken at 250 rpm at 45'*C. 
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TABLE 2 

Enzymatic Synthesis of Sucrose Butyxates* 
Total 

Convergion Isolated Yield 1^ -Ester 6 . l ^ ♦Dieetey 



Alkaline Protease 
(Proleather) 99% <8 days) 

Bacterial Protease 

(Bioenzyme) 100% (8 days) 

Bacillus Protease 62% (21 days) 

Aminoacylase 67% (23 days) 

Crude Subtilisin 62% (25 days) 
in Dimethylformamide 



0.5 g (43%) 

0-57 g (52%) 

0.39 g (37%) 

0.54 g (49%) 

0.91 g (84%) 



0.12 g 

0.30 g 
0.31 g 
0.26 g 
0.66 g 



0.38 g 

0.27 g 
0.08 g 
0.28 g 
0,25 g 



"Conditions: Sucrose (0.1 M) dissolved in 25 HI pyridine (except with 
subtilisin) containing 0.25 g/Ml enzyme and 0.6 M trifluoroethylbutyrate , 
magnetically stirred at 150 rpm at 45**C. 
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TABLE 3 

Initial Rates of Lipase P-Catalyzed Acryloylation 
of Monosaccharide Glycosides in Pyridine' 



Conpound Initial Rate* Conversion*, % 

(fimol/mg powder -h) 

1 - P -methyl - 6 -acryloyl - galactoside 1 .70 66 

1- p-phenyl-6-acryloyl-galactoside 0.4 0 9i 

l-p-2-ni trophenyl - 6 - aery 1 oyl - gal act os ide 0.45 93 

1 - P -methyl - 6 -acryloyl - glucoside 0 . 13 45 

1 -a-methyl - 6 -acryloyl - galactoside 0 . 82 74 

1 - Of - me thyl - € - acryl oyl - glucos i de 0.13 73 

1-P-phenyl- 6 -acryloyl -glucoside 0.18 70 

1 - a -phenyl - 6 -acryloyl - glucoside 0 . 03 6 62 

l-a-D-methylxnsuuioside 0.009 39 



'Conditions: 0-4 M Monosaccharide glycoside; 0.6 M vinyl 
aery late; 2 mL pyridine containing 0.25 g/mL lipase P. The 
reactions were shaken at 250 rpm at 30«C. 

Measured via HPIiC for the disappearance of monosaccharide 
glycoside . 

*After 30 h, except for 1 -fi- 2 -nitrophenyl -6 -acryloyl -galactoside 
which was after 20h- 
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WE CLAIM: 

1. A method of preparing a hydrogel comprising: 
providing a concentrated solution comprising 

acylated sugar having the structure: 

O 
II 

S • O - C - CHR = CH2 

wherein S is selected from the group consisting of 
sucrose acylated at the l' -position, raffinose at the 
1"- position, fructose at the 1- position, trehalose at 
the 6- position, a- and fi-phenyl- or alky Iglucos ides at 
the 6 -position, a- and fi- haloglucosides at the 6- 
position. Of- ajid S-phenyl- or alkylgalactosides at the 
6- position, <y- and fi-halogalactosides at the 6- 
position. Of- ajid fi-phenyl-or alky Imannos ides at the 6- 
position. Of- ajid fi- halomannosides at the 6 -position, 
and mixtures thereof; 

R is selected from the group consisting of 
hydrogen, straight chain alkanes having about 1-10 
carbon atoms, and mixtures thereof; and 

heating the composition to greater than about 60*^C 
such that the acylated sugar autopolymerizes to form a 
hydrogel . 

2. The method of claim 1 wherein S is selected 
from the group consisting of a- and fi- methyl 
glucosides, of- ajid E-methyl galactosidies and mixtures 
thereof . 

3 . The method of claim l wherein S comprises fi- 
methyl galactoside . 

4 . The product made by the method of claim 1 . 

5 . The product made by the method of claim 2 . 

6 . The product made by the method of claim 3 . 
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7. A method of preparing a hydrogel comprising: 
providing aJi amount of acylated sugar having 
the structure: 

O 
II 

S - O - C - CHR = CH2 

wherein S is selected from the group consisting of 
sucrose acylated at the 1' -position, raffinose at the 
1" -position, fructose at the 1-position, trehalose at 
the 6 -position, a- and /8- phenyl- or alkylglucosides at 
the 6 -position, of- and /S-haloglucosides at the 6- 
position. Of- and /S- phenyl- or alkylgalactosides at the 
6 -position, a- aj2d /S- halogalactosides at the 6- 
position^ Q?- and /S- phenyl- or alky Imannos ides at the 
6-position, of- and halomannosides at the 6*position 
and mixtures thereof; 

R is selected from the group consisting of 
hydrogen, straight chain alkanes having from l-lO 
carbon atoms, and mixtures thereof; 

providing an amount of free- radical 
polymerization initiator; 

providing an amount of cross -linking agent; 

and 

mixing the acylated sugar, free radical 
initiator and cross -linking agent to form a hydrogel. 

8 • The method of claim 7 wherein the free 
radical initiator comprises azobisisobutyrol-nitrile 
and the cross- linking agent comprises ethylene 
dimethacrylate . 

9 . The method of claim 8 wherein S comprises /3 
methylgalactoside • 
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10. The method of claim 9 wherein about 0.5-6% 
ethylene glycol dimethacrylate by weight acylated sugar 
is provided. 

11. The method of claim 10 further comprising the 
step of copolymer i zing the acylated sugar with 2- 
hydroxyethyl methacrylate. 

12 . The product made by the method of claim 7 . 

13 . The product made by the method of claim 8 . 

14 . The product made by the method of claim 9 . 

15 . The product made by the method of claim 10 , 

16. The product made by the method of claim 11, 
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